The paper presents a numerical study where a hybrid CFD-Chemical Reactor Network (CRN) approach is used to predict pollutant emissions in a tubular combustor for aero-engine applications. A fully-automated clustering of the simulated flow field with the generation of a reactor network representative of the main flow features is exploited. Similar cells are detected and grouped using a two step approach, the first one based only on aerodynamic criteria for turbulent flows followed by a chemical refinement based on mixture fraction.
emissions.
temperature. The procedure was applied to industrial furnaces [15, 16] and boilers for power generation 38 [17, 18, 19] . An optimized procedure to split the reactive flow field into homogeneous zones is presented by 39 Fichet et al. [20] which applied the procedure to a gas turbine combustor in order to model NO x formation 40 with about 400 chemical reactors. 41 Monaghan et al. [21] employed this approach to study the pathways of formation of NO and NO 2 in a 42 methane-air diffusion flame. They identified six macro-zones with a criterion based on equivalence ratio. A 43 further refinement is realised based on temperature leading to a final network of 1114 PSRs. Recently the 44 procedure has been extended to confined swirling flames [22] and to gas turbines [23, 24, 25] .
45
In their study Novosselov et al. [26] defined five main regions in the combustor: a main flame zone, a 46 pilot flame zone, the center and the dome recirculation zones and the gas burn-out region. The network is then refined to obtain the final configuration of 31 chemical reactor elements representing the different flow 48 and reaction zones of the combustor.
49
The advantage of having few elements in the network (some tens) is that it is possible to maintain a 50 physical interpretation of each reactor: looking at the distribution of the main quantities in the network, i.e.
51
NO x formation rate, it is easier to obtain design indications to reduce emissions. On the other hand, in a 52 network with a limited number of elements a significant error can be introduced if the reactors are linked 53 only by the computed convective mass fluxes between adjacent zones from CFD. In this case, as it will be 54 shown in this paper, the contribution of turbulent diffusion cannot be neglected and its physical and robust 55 implementation is mandatory to provide correct results.
56
Finally, it is worth mentioning available commercial solutions for CFD-CRN procedure such as ANSYS
57
Fluent reactor network solver [27] . Clustering procedure is not based on aerodynamics and does not aim at The aim of the present work is the study of pollutant emissions of an aero-engine combustor at different 
77
The paper is organized as follows: the investigated geometry is presented in Section 2. The methodology 78 is then introduced starting from a description of the CFD setup (Section 3.1), the CFD post processing 
Investigated combustor

83
The methodology is applied to study a lean spray flame generated by GE-Avio advanced PERM injection 84 system in a laboratory test case.
85
The PERM injector, schematically represented in Figure 1 together with the investigated test-rig, is a 86 double radial co-rotating swirler where liquid fuel is mainly injected by a prefilming airblast scheme. A 87 film of fuel is generated over the inner surface of the lip that separates the two swirled flows. As the film 88 reaches the edge of the lip primary atomization occurs: fine droplets and rapid mixing are promoted by the 89 two co-rotating swirled flows generated by the double swirler configuration. To ensure a stable operation of 90 the lean burn system the ariblast injector is coupled with a hollow cone pressure atomizer (pilot injector) 91 located at centre of primary swirler, which generates a pilot flame to stabilize the combustion process in a 92 configuration usually referred to as piloted airblast .
93
The PERM combustor rig was installed and tested at ONERA Palaiseau Center (see Figure 1) . The 94 combustor consists in a cylindrical flame tube with a length to diameter ratio L/D equal to 3.25. Air enters 95 the combustion chamber through the swirled channels of the injector and through a slot located in the corner 96 between the dome and the liner, which discharges the air flow used for the impingement cooling of the dome.
97
Standard measurement of emissions (CO, NO x , UHC) at the combustor outlet were obtained at ONERA 98 during NEWAC EU project and made available for this work by GE-Avio (for more details on the rig refer 99 to [29] ).
100
Three different operating conditions, respectively representative of Idle (Point 1), Cruise (Point 2) and Table 1 : Operating parameters for the tested operating conditions. T 3 is the inlet air temperature, φ is the overall combustor outlet equivalence ratio and P ilot is the pilot to total fuel mass flow rate percentage.
CFD-CRN Procedure
105
A schematic representation of the CFD-CRN workflow is illustrated in Figure 2 .
106
The procedure consists of three main steps. A CFD simulation of the combustor is performed at first. As Reactors properties and their flow connections are also computed in the post-process operation and used to 110 define the network topology. Finally, the generated network is solved in a dedicated code, called REACT,
111
with a detailed mechanism.
112
A detailed description of the three steps is given in the following sections. At the lateral surfaces periodic boundary conditions are assigned while walls are considered adiabatic. Arrhenius one.
139
JetA-1 fuel is modelled by a single species surrogate: C 12 H 23 whose transport properties for both liquid
140
and vapor phases are computed accordingly to Rachner [35] . A two-step global mechanism for C 12 H 23 is 141 employed, which consists in a first step for fuel oxidation into CO and H 2 O, and a second step for CO 142 oxidation into CO 2 :
Arrhenius coefficients for this scheme can be found in [36] .
144
A two-way Eulerian-Lagrangian particle tracking approach is considered for the solution of spray dynamics 
162
The criteria used to clustering cells, which are briefly presented in the following, are specified through
163
User Defined Limits (UDL) to apply at flow variables (e.g. U DL T 1 is a User Defined Limit for T racer1 164 concentration, U DL AV is a User Defined Limit for the axial velocity, and so on). Acting on the ULDs 165 it is possible to adapt the subdivision to the investigated case, maintaining the same aerodynamic 166 structures.
167
Figure 4: Aerodynamic splitting obtained for the studied combustor equipped with a PERM injector.
• Air inlets regions are identified by high concentration of tracking scalars (e.g., Air 1 → T racer1 < 168 U DL T 1 ).
169
• Jet and Peripheral Jet: they constitute the main flame zone and are identified by the highest 170 velocity in the domain (e.g.,Jet → AxialV elocity > U DL AV ).
171
• Main and Dome Recirculation are identified by negative axial velocity and high flow age 172 (AxialV elocity < 0 and RT D > U DL RDT ).
173
• Flame Front and High Turbulence Kinetic Energy (HTKE) Regions are characterised by the high-174 est levels of turbulence kinetic energy, due to the shears between the vortex breakdown and the 175 swirled jet (e.g., Flame Front → T KE > U DL T KE ). Intense reaction rates are found in here.
176
The reacting mixture feeds the inner recirculation and sustains the main flame. of the streamlines on the region itself:
The solved equations for PSRs are the conservation of the k-th species and energy:
where Y k is the mass fraction the k-th species, Y (in) k the inlet mass fraction, τ the reactor residence time, 
223
In a PFR, purely convective one-dimensional flow is assumed. Species and energy equations are solved 224 along with the mass and momentum conservation in the following form:
where x is the direction of the flow and u is the axial velocity. scope of the present research.
239
The continuity, species and energy conservation equations for each reactor, which is assumed to be adia- 
242
This iterative process is considered converged when the maximum residual among temperature and species
243
is less that 10 −6 . 
whereṁ adv is the computed convective mass flow.
252
With a null convective mass flow, i.e. when the interface between two regions in the CFD is aligned with In the typical equations for PSRs (eqs. 5 and 6) the source terms S 
where A is the area of exchange, D T the diffusion coefficient, defined as the ratio of the turbulent viscosity 260 µ T and the turbulent Schmidt number Sc T .
261
When implemented in REACT code, the mass flux of the k species is computed as follows:
is the difference between the mass fractions of the i-th and the j-th reactors while Dist ij is a 263 characteristic length.
264
Solving for the i-th reactor, the diffusion fluxes with all the other N reactors reactors are evaluated. The redistributed within the domain but the global mass balance of the reactor will not change.
270
The energy equation for PSR is also modified to account for heat diffusion which is computed with the 271 following general expression:
where V k,i is a characteristic diffusion velocity and λ the thermal conductivity. Accordingly, two contri-
273
butions are included in eq. 6:
274
• Q dif f taking into account the flux of enthalpy due to species diffusion;
275
• Q T taking into account the heat diffusion related to temperature gradients.
276
In the REACT code implementation they are expressed as follows:
and
As for the species diffusion, the area A ij and the average µ T are computed automatically during the CFD 279 post process routine while the Sc T number is assumed constant and equal to 0.8. 
Results
281
In this section the results obtained when applying the CFD-REACT procedure to study the combustor 282 equipped with a PERM injector, are presented. 
292
Temperature and mixture fraction distributions obtained for the three test points are shown in Figure 7 .
293
Temperature is normalized as follows:
where T max is the maximum flame temperature observed in the three conditions.
295
The flame shape and anchoring are highly influenced by the evaporation of droplets and vapor fuel mixing 
307
In Figure 9 the contour plots named CFD superimpose the clustered volume to the CFD field. Contour formation.
327
Introducing the turbulent diffusion fluxes, the distributions in Figure 9 ( REACT Diffusion ) are ob- burn-out region is now captured by the network.
341
Despite a jet region with higher temperature levels and a colder dome recirculation, both mixture fraction The temperature increase in the inner recirculation and inner post-flame region at low pressure is captured.
355
The intensification of the root of the flame is also reproduced even if such effect is spread over a larger region, 356 the flame front.
357
From the same picture it can be seen that a critical region to be represented is the corner recirculation.
358
The fuel is injected in the network following the evaporation pattern from CFD (see Figure 8) . 
364
In Figure 11 measured and predicted values of CO and NO x at outlet are shown in terms of Emission Index.
365
The predicted trend for NO x varying the pressure is well captured and a good matching of experimental data 366 is obtained at all the test points.
367
Figure 11: Measured and predicted NO x and CO emissions for the investigated test points.
In Figure 12 the distribution of the source term of NO x is shown for the investigated cases. Consistently 368 with the temperature profiles in Figure 10 , the formation of NO x is strongly related to hot regions in the 369 flame for all three cases. In the investigated flame, in fact, NO x are mainly produced via thermal pathway, 370 through the Zeldovich mechanism, which is driven by temperature levels. At low pressure, NO x are mainly 371 produced in the inner recirculation and post flame regions. Increasing pressure, at Point 2 and Point 3 the 372 region of high production is moved to the flame front region and the inner recirculation. As seen in Figure   373 10, an ongoing reaction is predicted in the corner recirculation, which is different to what predicted by CFD
374
(see Figure 7) . Nevertheless, low temperatures do not lead to NO x production, as observed in Figure 12 .
375
In general, long residence times in hot regions are critical for NO x formation. NO maps in Figure   376 12 suggest that a reduced NO x production could be achieved if part of the fuel is by-passing the inner 377 recirculation, flowing along the fast jet directly to post-flame zone. This could be obtained modifying the
378
PERM injection design such as the injected liquid droplet are no longer trapped in the main recirculation.
379
The present study indeed provided indications for some of the main modifications introduced in the most 380 recent designs of PERM injector.
381
Concerning CO emissions at the outlet, reported in Figure 11 , a good agreement is obtained for Point 2 
387
This implies the prediction of higher temperatures and the partial messing of quenching effects. This is more 388 evident for Point 1 where measured exhaust CO is above equilibrium values. 
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